Purpose: The purpose of this study was to estimate fetal O 2 delivery rate in vivo across a range of gestational ages. Toward this, a calibration equation for T 2 -based oximetry was derived. Methods: Umbilical cord blood of varying hematocrit (Hct) and oxygen saturation (HbO 2 ) levels was prepared and T 2 measured using a T 2 -prepared balanced steady-state freeprecession sequence at 1.5 T. The relationship between blood R 2 ¼ 1/T 2 , HbO 2 and Hct was established based on the model , R 2;plasma ¼ 1:1 s À1 , and R 2;RBC ¼ 12:9 s À1 . The R 2;RBC and k were found to be larger than those obtained for adult blood, likely the result of differences in dominant hemoglobin type. Data suggest that the use of adult blood calibration could entail errors up 10% in fetal blood HbO 2 . The average umbilical vein blood flow rate (89.5 6 17.2 mL/min/kg), HbO 2 (84 6 7%,), and fetal O 2 delivery rate (15.1 6 3.8 mL O 2 /min/kg) were independent of gestational age. The fetal O 2 delivery rate agreed well with the results obtained with invasive methods at term. Conclusion: The present work describes strategies for measuring umbilical vein blood flow rate and HbO 2 in vivo and estimates fetal O 2 delivery rate noninvasively with quantitative MRI during the second and third trimesters of pregnancy.
INTRODUCTION
The placenta is a transient organ present during pregnancy. The main function of the placenta is to provide a nurturing environment for fetal development and sustainability. One of the chief functions of the placenta is to transport O 2 between the maternal and fetal circulations (1), which is established at the end of the first trimester (2) . However, in this process, maternal and fetal blood never mix; fetal capillaries are embedded inside chorionic villi, a structure analogous to the alveoli in the lung. Highly oxygenated maternal blood enters the intervillous space in the placenta through the spiral arteries. Oxygen is then transferred to the fetal circulation by diffusion and delivered to the fetus via the umbilical vein (UV). Hemoglobin O 2 saturation (HbO 2 ) at the UV is only on the order of 70 to 80% (3, 4) ; low HbO 2 is compensated for by high fetal cardiac output. After fetal O 2 extraction, deoxygenated blood (HbO 2 40-60%) (5, 6) returns to the placenta through the umbilical arteries, where carbon dioxide diffuses into the maternal compartment of the placenta and are then removed through the maternal venous system (Fig. 1) . Hence, the proper establishment of the utero-placental and placental-fetal circulations is critical to the viability of the fetus.
Placental dysfunction is widely accepted as the cause of common adverse pregnancy outcomes. However, the etiology of abnormal placental development remains unknown. Importantly, clinically available tools are inadequate for evaluating placental function. Therefore, methods that allow quantification of O 2 delivery rate to the fetus throughout pregnancy in vivo would be of great interest to maternal-fetal medicine, as they could provide new insight into placental and fetal development. Fetal O 2 delivery rate in physiological units normalized to fetal mass (mL O 2 /min/kg) is defined as Fetal O 2 Delivery Rate ¼ C a Á BFR Á HbO 2 =fetal mass [1] where C a is the oxygen-carrying capacity of fetal hemoglobin in units of mL O 2 /mL (C a ¼ 1.33 mL O 2 /g Hb Á [Hb] , where [Hb] is the blood hemoglobin concentration in g/mL blood), BFR is the UV blood flow rate (in mL/min), and HbO 2 is the oxygen saturation measured at the UV. Quantitative MRI allows for the estimation of BFR and fetal mass from widely used MR techniques such as phase-contrast MRI (PC-MRI) and structural MR images (7, 8) . Furthermore, HbO 2 can be estimated via T 2 -based oximetry, which requires a calibration equation to convert blood T 2 values to HbO 2 (9) .
The present authors have previously derived a calibration equation for human adult blood using a T 2 -prepared balanced steady-state free-precision (bSSFP) sequence (10) . However, because of differences in the biophysical (11) , rheological (12) , and biochemical properties between fetal and adult hemoglobin, the calibration equation derived from adult blood may not be accurate for fetal blood. Therefore, the purpose of this study was twofold: first to measure T 2 of human fetal blood samples of varying Hct for a wide range of HbO 2 levels using a T 2 -bSSFP sequence to derive a calibration equation; and second, to estimate fetal O 2 delivery rate in vivo across a range of gestational ages (GAs) with quantitative MRI.
METHODS

Ex Vivo Blood Sample Preparation
Fetal whole blood (average 30 6 18 mL, range 10-70 mL) was collected from the umbilical cord of 13 fetuses at term (GA > 37 weeks), yielding a total of 77 3-mL fetal blood samples. After delivery, the umbilical cord was clamped on one end and dissected from the newborn. Subsequently, the placenta was immediately taken to a laboratory and placed on a container that was raised approximately 50 cm. The container had a perforation at the base through which the umbilical cord was inserted. Removal of the clamp then allowed blood to flow and be collected into open 7-mL Vacutainer glass tubes, each containing 12 mg of K 3 EDTA (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Tubes were capped and inverted to mix with the EDTA agent to prevent clotting. Lastly, the specimens were stored at 4 C before being transported to the hematology laboratory for preparation (to achieve the desired HbO 2 and Hct levels). The institutional review board of the University of Pennsylvania approved the study, and all subjects gave oral and written, informed consent.
Both Hct and HbO 2 levels of the blood samples were varied as described in (10) . Briefly, an extended range of Hct values was achieved by separating plasma and red blood cells via centrifugation. Both components were then redistributed, resulting in samples of various Hct. Subsequently, HbO 2 was varied by exposing samples to N 2 gas at 37 C for different durations. Samples were taken every 10 min with a 3-mL syringe, and the HbO 2 and hemoglobin (Hb) concentration were measured with a clinical blood gas analyzer (ABL 700 series, Radiometer, Copenhagen, Denmark). Syringes were sealed using a vinyl plastic putty (Critoseal, Fisher Scientific, Pittsburgh, PA, USA) and parafilm. Complete blood count was performed (HEMAVET HV950FS, Drew Scientific, Miami Lakes, FL, USA) to calculate the Hct to Hb ratio for each Hct preparation. Sealed syringes were kept at 37 C and placed in a cylindrical container filled with distilled water at the same temperature for the MRI. All samples were prepared and scanned within 24 h of delivery.
Hemoglobin Composition of Fetal Blood
Clarified hemolysates were prepared by hypotonic lysis followed by centrifugation using standard methods. Approximately 20 mL of lysates from experimental samples were analyzed for identification of fetal and adult hemoglobin levels by cation-exchange high-performance liquid chromatography using previously described methods, with slight modifications (13) (14) (15) (16) . A Hitachi D-7000 Series (San Jose, CA, USA) and a weak cation-exchange column (Poly CAT A: 35 Â 4.6 mm, Poly LC Inc, Columbia, MD, USA) were used. Hemoglobin isotype peaks were eluted with a linear gradient of phase B from 0 to 80% at A 410nm (Mobile Phase A: 20 mM Bis-Tris, 2 mM KCN, pH 6.95; Phase B:20 mM Bis-Tris, 2 mM KCN, 0.2 M sodium chloride, pH 6.55). Clarified lysates from normal RBCs (exclusively Hb A), as well as a commercial standard containing fetal and adult hemoglobin, together with hemoglobin types S and C (FASC reference material, Trinity Biotech USA Inc, Jamestown, NY, USA) were used as reference isotypes (Supporting Fig. S1 ). Fetal hemoglobin fraction was estimated as the ratio of amplitude of the fetal hemoglobin peak to the total hemoglobin, defined as the sum of fetal and adult hemoglobin, as all samples were of typical development fetuses and hemoglobin types S and C were not present.
FIG. 1. a:
Schematic of oxygen transport between maternal and fetal circulation. Maternal arterial circulation delivers highly oxygenated blood to the placenta; however, maternal and fetal blood are never in direct contact. O 2 diffuses from the maternal to the fetal compartment and is delivered to the fetus via the umbilical vein (UV). After O 2 extraction, deoxygenated blood returns to the placenta through umbilical arteries, where carbon dioxide and waste products diffuse to the maternal compartment and are removed by the maternal venous system. b: Fetal O 2 delivery rate may be used as a way to evaluate placental function and is estimated as the product of the oxygen-carrying capacity of hemoglobin (C a ), hemoglobin (Hb) concentration, blood flow rate (BFR), and oxygen saturation (HbO 2 ) at the UV, normalized by fetal mass. All of these parameters can be determined using quantitative MRI methods.
Ex Vivo MRI Experiments
Experiments were conducted at 1.5 T (Siemens Avanto, Erlangen, Germany) with a 10-channel head coil. The T 2 -bSSFP sequence and data reconstruction have been previously described in (10) . Briefly, this sequence consists of three parts: spin saturation, T 2 preparation, and bSSFP readout (Fig. 2) . The magnetization is nulled by a saturation pulse and allowed to partially recover during the T sat period before each T 2 preparation, which consists of nonselective 90 rectangular excitation pulse, followed by N Michael-Levitt-4-type refocusing pulses (N ¼ 0, 1, 2, 3, 4) with interrefocusing pulse interval t 180 ¼ 12 ms, each followed by a composite tip-up (270 x 360 -x ) pulse. Lastly, bSSFP signal encoding is preceded by 10 linear ramp-up pulses for signal stabilization and 14 reference lines are collected for phase correction during partialFourier reconstruction in linear order.
These methods were used to derive a calibration equation to relate fetal blood T 2 to HbO 2 , partialFourier acquisition, and total scan duration ¼ 22 s. T 2 of the blood samples was extracted using a three-parameter fit to the equation SðtÞ ¼ S 0 e Àt=T2 þ C, with C representing the steady-state amplitude of the bSSFP signal.
Relaxation Model and Analysis
The relationship between blood relaxation rate R 2 (1/T 2 ) and HbO 2 was first established by Wright et al. (9) , who resorted to a semi-empirical rendition of the LuzMeiboom equation for two-site chemical exchange (17) as follows:
where R 2o is the relaxation rate of fully oxygenated blood, and K represents the relaxivity. This model was subsequently expanded by van Zijl et al. to incorporate the effect of Hct on blood R 2o and K (18) as follows:
It can then be observed that R 2o scales linearly with Hct (19, 20) , whereas the relaxivity K depends on both Hct and the empirical parameter k. The relaxation rates of blood R 2 were plotted versus ð1 À HbO 2 Þ 2 and Hct, and the data were fit to the model described by Equations [3] and [4] yielding constants k, R 2;plasma , and R 2;RBC .
In Vivo MRI Studies
The purpose of these studies was to quantify fetal O 2 delivery rate in the second and third trimester in vivo. Exclusion criteria included known uterine fibroids, pregestational diabetes, connective tissue disorders affecting vascular development (e.g., lupus or vasculitis), body mass index greater than 35 before or at the start of pregnancy, known major structural fetal anomaly or genetic syndrome, and any history of oophorectomy. Toward this goal, 30 pregnant women (GA: 30 6 3 weeks, range 23-35 weeks) were scanned using two 4-element body matrix coils at 1.5 T (Siemens Avanto, Erlangen, Germany) in supine position. Fetal O 2 delivery rate in physiological units (mL O 2 /min/kg) was obtained as the product of C a of fetal hemoglobin, BFR, and HbO 2 with the latter two quantities measured at the UV, divided by fetal mass ( , bandwidth ¼ 260 Hz/pixel, resulting in a total scan time of 9 s. In some instances, fetal motion during PC-MRI acquisition resulted in displacement of the umbilical cord in the scanning plane, causing motion artifacts that could be observed on the magnitude and complex FIG. 2. T 2 -prepared balanced steady-state free-precision (bSSFP) sequence consisting of saturation pulses to null the magnetization after each T 2 preparation, T 2 preparation with composite refocusing pulses in Michael-Levitt-4 (MLEV) pattern repeated to achieve echo time (TE) values of 0, 48, 96, 144, and 192 ms at a constant interpulse interval (t 180 ¼ 12 ms), and bSSFP encoding with linear ramp-up signal stabilization and partial Fourier sampling. RF, radiofrequency; TR, repetition time difference intensity images. In such case, PC-MRI was repeated multiple times to obtain two motion-artifact-free data sets. Blood flow rate was then estimated as the product of flow velocity (averaged from two PC-MRI data sets) and UV cross-sectional area. The flow velocity and crosssectional area used were calculated as the average from two artifact-free data sets. The regions of interest (ROIs) of the UV were manually traced on the magnitude PC image using Osirix (Pixmeo SARL, Bernex, Switzerland).
Umbilical vein HbO 2 was estimated as described above for the in vitro experiments (10) using the following imaging parameters: TR ¼ 3900 ms, T Sat ¼ 3000 ms, bSSFP TE/TR ¼ 1.9/3.8 ms, field of view ¼ 307 Â 307 mm , number of acquisitions ¼ 5, resulting in a total scan time of 1:40 mins. Therefore, T 2 -bSSFP data were acquired three times: at the prescribed plane and 8mm above and below. Imaging planes were chosen where the umbilical cord was abutting the fetus or where it could be visualized in at least three sequential localizer images. No motion correction was implemented. To account for displacement of the UV between T 2 -bSSFP images corresponding to specific echo times, the ROI used to estimate the average signal at each TE and repetition was manually repositioned. An elliptical ROI of the UV was initially traced on the first echo image, but was appropriately repositioned in subsequent images if deemed necessary (without modifying the shape of the initial ROI). Typical ROI placement correction was 2 to 3 pixels. Care was taken to avoid inclusion of Wharton's jelly (tissue embedding the umbilical vessels) in the ROI.
Fetal volume was estimated by manually segmenting the half-Fourier single-shot turbo spin-echo coronal images using Osirix (Pixmeo SARL, Geneva, Switzerland). Total fetal volume was estimated as the product of the total number of pixels that belonged to the fetus segmentation and the volume of a voxel element in dm 3 . Fetal volume (in dm 3 ) was then converted to mass using the previously determined relationship: mass ðkgÞ ¼ 1:03 Ávolume ðdm 3 Þ þ 0:12 ðkgÞ (7).
RESULTS
Ex Vivo Umbilical Cord Blood T 2 Versus HbO 2 Calibration
Fetal hemoglobin fraction could be estimated in samples from 8 of the 12 pregnancies (all >36 weeks) included in the study, yielding an average of 80 6 7% (range 68-90%).
No correlation was observed between fetal hemoglobin fraction and either blood T 2 or HbO 2 . The experimental transverse relaxation rates R 2 from all 77 samples plotted versus (1-HbO 2 ) 2 (with HbO 2 having been obtained by blood gas analysis), and Hct, are depicted in Figure 3a . The Hct to Hb ratio was found to be 3.62 6 0.12 for these samples. The surface obtained by three-parameter-fitting the data to Equations [2] and [3] was then used to estimate constants k, R 2,plasma , and R 2,RBC . Decay rates increase with decreasing HbO 2 (depicted as increasing (1-HbO 2 ) 2 in Fig. 3c) Figure 3c depicts profile lines through the surface in Figure 3a for a range of Hct values. Note the increase in slope (relaxivity K) with increasing Hct up to a value of 0.5, beyond which K decreases as a result of the quadratic Hct term in Equation [3] . The intercept R 2o , however, continues to increase as a function of Hct (Eq. [3] ) (19, 20) as a result of the well-known increase in relaxation rate with protein concentration. Table 1 lists the fitted values of k, R 2;plasma , and R 2;RBC for previously reported adult (10) and fetal calibration equations. R 2;plasma was found to be lower in fetal blood (1.1 versus 1.5 s À1 ), consistent with the lower viscosity of fetal plasma (see Table 1 ). Although R 2;RBC and k, which are a function of the intra-to extracellular frequency shift and exchange lifetime (9), were found to be 11% larger for fetal blood than that obtained previously for adult blood, potentially the result of increased RBC volume, decreased deformability, and differences in hemoglobin types (12, 21, 22) . The average bias in HbO 2 estimates introduced by using the adult blood calibration and T 2 -prep bSSFP sequence (as opposed to that for fetal blood) is 4 to 7%, depending on the Hct, which is in the range of expected values at the umbilical vessels (Fig.  3d) . This bias varies across the range of HbO 2 as a result of the quadratic relationship between HbO 2 and blood R 2 .
Fetal O 2 Delivery Rate
Fetal mass in the subjects studied ranged from 0.7 to 2.7 kg and could be fit to an exponential y ¼ 0.05e 0.11x with y ¼ mass in kg and x ¼ GA in weeks (R 2 ¼ 0.93, P value < 0.001, Fig. 4 ). This empirically derived relationship is in good agreement with population median values (23) . Umbilical vein BFR data were successfully acquired in 26 of the 30 participants enrolled. Representative magnitude and velocity images used for the estimation of BFR are shown in Figure 5 . Flow velocity at the UV was not found to be significantly correlated with GA (average 8.1 6 1.5 cm/s, Fig. 6a ). In agreement with previous reports (24), the cross-sectional area was found to increase with GA (R 2 ¼ 0.45, P value < 0.05, Fig. 6b ), resulting in a significant increase in BFR as pregnancy progresses (R 2 ¼ 0.68, P value < 0.05, Fig. 6c ). However, after normalization with respect to fetal mass, this relationship became insignificant (average BFR 88.2 6 18.1 mL/min/kg, Fig. 6d ). Umbilical vein oximetry data were successfully acquired in 26 of the 30 enrolled participants (average ROI diameter ¼ 7 6 4 pixels, range 5 to 9 pixels). Representative images of the five echoes acquired using T 2 -bSSFP and corresponding fitted T 2 decay are shown in Figures 7a and 7b . Oxygen saturation at the UV was quantified based on the values of k, R 2;plasma and R 2;RBC , determined previously. The value of Hct used for each participant was the population average for GA (25) . Oxygen saturation at the UV was found to be independent of GA (Fig. 7c) , average HbO 2 being 84 6 7% (T 2 ¼ 138 6 8 ms), which is in good agreement with previously reported values measured using invasive methods (26) .
Fetal O 2 delivery rate was estimated as the product of C a of fetal hemoglobin, BFR, and HbO 2 at the UV. The value of C a (11) was scaled to the concentration of Hb based on the GA population average (25) . Both BFR and HbO 2 data were successfully acquired in 22 of the 30 participants enrolled.
In Figure 8a , the fetal O 2 delivery rate (mL O 2 /min) is plotted against MRI-based fetal weight, indicating a significant relationship between these two measurements (R 2 ¼ 0.65, P value < 0.01) with a slope of 16.3 mL O 2 / min/kg. Oxygen delivery in units of mL O 2 /min significantly increased as pregnancy progressed as a result of increasing BFR (R 2 ¼ 0.76, P value < 0.001; Fig. 8b ). However, after normalization to fetal mass O 2 delivery rate was found to be invariant throughout GA (average 15.1 6 3.8 mL O 2 /min/kg; Fig. 8c ).
DISCUSSION
The purpose of this study was to demonstrate the feasibility of estimating fetal O 2 delivery rate in vivo across a range of GAs with quantitative MRI at 1.5 T. Phasecontrast MRI and T 2 -based oximetry were used to estimate UV BFR and HbO 2 , respectively. To attain this objective, a calibration equation had to be derived using fetal blood from umbilical cord blood samples to convert blood T 2 to HbO 2 values based on T 2 measurements with a T 2 -prepared balanced SSFP sequence, as the biophysical, chemical, and rheological properties of fetal and adult blood differ from each other. For instance, a large fraction of total Hb present in the fetal circulation is fetal Hb (22), which has a higher oxygen affinity than adult hemoglobin. In addition, fetal Hct in the third trimester of pregnancy is considerably higher than the normal physiological range in adults (25) . This property is counterbalanced by reduced fetal plasma viscosity (12) . These differences between adult and fetal blood prompted the derivation of a calibration equation for converting fetal blood T 2 to HbO 2 as a means to estimate fetal O 2 transport. As shown in Figure 3c , the error incurred; if instead the adult calibration curve were used, it could be as large as 10%. If the average HbO 2 and fetal O 2 delivery was estimated using the calibration curve generated Data were acquired during a single breath-hold, and flow velocity measurements were the average of two data sets without fetal motion, as observed in the complex difference intensity images.
for adult blood, it would result in an underestimation of 4 6 3% (HbO 2 units, range 1-10%) and 1 6 1 mL O 2 /min (range 0-4 mL O 2 /min), respectively. Although these values are similar to each other, in six cases it was not possible to convert fetal blood T 2 to HbO 2 values using the adult blood calibration equation, as the measured blood T 2 was larger than T 2o , resulting in invalid HbO 2 estimations. The relationship between T 2 and HbO 2 depends on magnetic field strength, inter-refocusing interval of the T 2 preparation, and readout strategy. In some previously reported T 2 -HbO 2 calibration pulse sequences, the center of k-space is scanned immediately after T 2 preparation (9, 27) . In that situation, the spatial encoding is not relevant and the established calibration equation can be used as long as the T 2 -preparation parameters are identical to those used to determine that particular calibration. This would also be the case for centric encoding with bSSFP readout, which is not recommended, as it causes artifacts due to undesirable k-space modulation. Sequential encoding is therefore preferable as implemented in the present work. For this reason, the center of k-space is not acquired immediately after T 2 preparation, and the sequence used to determine the calibration equation for conversion of blood T 2 to HbO 2 ex vivo needs to match the one used to conduct the in vivo studies. In the present work, bSSFP spatial encoding was based on a standard Siemens sequence consisting of a 10-pulse cycle ramp-up catalyzation and linear ordering that included the acquisition of 14 reference lines before traversing the center of k-space in the 25th pulse cycle. Between the end of the T 2 preparation and the acquisition of the center of k-space, the MRI T 2 -prepared signal decays as a function of T 2 /T 1 . Therefore, to use the calibration equation described previously, both the spatial encoding and T 2 -preparation parameters must be matched closely to those presented here, which should be straightforward to achieve.
Fetal blood samples used to establish the aforementioned calibration equation were obtained after delivery at term (GA > 37 weeks). In the present study, we used this equation to extract HbO 2 information from fetuses of average GA of 30 6 3 weeks (range 23-35 weeks). Changes in fetal blood composition throughout gestation may influence the accuracy of the HbO 2 estimation. These changes include variations in the fetal Hb fraction (22) , which in the blood from eight of the umbilical cords used averaged 87%. However, at earlier GA this fraction is even larger, so any contribution from adult hemoglobin can be ignored. Furthermore, the total Hb concentration, Hct (25) , and total plasma protein content (28) increase throughout pregnancy. These changes lead to progressively higher fetal whole-blood viscosity, which would affect R 2;plasma and therefore whole-blood R 2 (as well as R 1 ). However, raised whole-blood viscosity throughout gestation has been shown to be attributable primarily to Hct (29) . Therefore, the effect of the variations in fetal blood composition, except those resulting from changes in Hct and Hb concentration throughout gestation can be assumed to be negligible.
In the present study, population-average Hct values were used as the means to estimate subject-specific Hct in vivo (25) , as Hct measurements on fetal blood are only possible after delivery and therefore would not account for variations during pregnancy. However, it is known that the longitudinal relaxation rate, 1/T 1 , scales linearly with Hct (19, 30) . This relationship has recently been used to convert fetal whole-blood T 1 to Hct in the context of calibrating spin-echo T 2 measurements of fetal blood to HbO 2 (27) . The empirically determined association between blood water T 1 and Hct may improve the accuracy of future T 2 -based oximetry studies.
Fetal O 2 delivery has been measured previously in humans at late gestation (36 weeks' GA) with quantitative MRI (8) and at term (38-42 weeks' GA) using a combination of ultrasound and invasive methods (26) . Sun et al. used PC-MRI with metric-optimized gating (31) to measure the BFR and T 2 -based oximetry to estimate the HbO 2 at the fetal abdominal insertion of the UV (8) . In contrast, the BFR data reported by Acharya et al. were based on Doppler ultrasound, obtained within 24 h before delivery (26) . In the latter study, oxygen saturation of the umbilical vessels was measured immediately after delivery with blood gas analysis, along with neonatal mass (26) . However, to the best of the present authors' knowledge, fetal O 2 delivery in humans in vivo had not been previously reported across a range of GAs.
The average UV BFR values reported by these two studies somewhat differ from those in the present work: 88.2 6 18.1 mL/min/kg versus 129 6 28 mL/min/kg (8) and 67 6 30 mL/min/kg (26) . The differences in GAs among these three studies may to some extent account for the discrepancies in BFR. Although in the present study no changes in BFR were found across GAs, this result cannot be extrapolated to the full-term case because of the limited number of study subjects. In fact, fetal mass-normalized BFR has been reported previously to decrease toward term (23, 32 ). Differences in BFR may then be related to the different methods used to measure flow velocity.
Overall, fetal mass estimates are in excellent agreement with those expected in the second trimester of S2a ). Before normalizing to fetal mass, the reported BFR for a GA of 35 weeks was approximately 400 mL/min (8) and 247 mL/ min (26), compared with 230 mL/min in the present study (33) . Our BFR results are therefore comparable to those reported by Acharya et al. measured with Doppler ultrasound, which have been shown to accurately quantify blood flow measurements when performed appropriately (34) . Similarly, BFR data across GAs are in excellent agreement with those measured by Bellotti et al. (23) , also acquired by Doppler ultrasound (Supporting Fig. S2b) . Based on the population average values of UV BFR (mL/min) and fetal mass (kg), fetal massnormalized BFR (mL/min/kg) across GAs can be estimated. Supporting Figure S2c shows that BFR results are in fair agreement with expected values. The difference in shape among the plots depicted in Supporting Figure  S2c (open circles) are the result of the fetal growth rate being larger than the rate of BFR increase toward term (1) . However, in the present study the estimated growth rates for both parameters were the same (0.11, Figs. 4b and 6c), potentially because of the limited number of subjects in late GAs. Finally, the bias in BFR values between the present study and those reported by Sun et al. may be the result of differences in the methods. Future work is necessary to determine the accuracy of these three different methodologies in measuring BFR at the UVs.
The values for HbO 2 reported by Acharya et al. (26) are approximately 18% lower than those estimated in the present study, which conform to other observations, suggesting a decrease in HbO 2 toward the end of pregnancy (35) . Therefore, this apparent disparity may be caused by the lower GAs of the participants in the present study, and differences in measurement methods. Nevertheless, our HbO 2 estimates (84 6 7%) are in good agreement with those reported previously (80-82%) from invasive (1, 3, 4) and, more recently, MRI-based oximetry (8) for second and third trimesters of pregnancies. Despite differences in BFR and HbO 2 , the estimated values of fetal O 2 delivery calculated here (15.3 6 3. The present calibration equation and methods may, in theory, also be applied to quantifying fetal O 2 consumption rate to study fetal O 2 metabolism, which can be estimated using Fick's principle as follows:
Fetal O 2 Consumption Rate ¼ C a Á BFR Á AvO 2 =fetal mass [4] where AvO 2 is the arteriovenous difference in HbO 2 between umbilical vein and arteries. As presented herein, it is feasible to estimate UV HbO 2 ; however, the measurement of blood T 2 in the umbilical arteries is difficult, because of the small vessel size. For example, the typical diameter of the umbilical arteries is less than or equal to 4 mm at 36 weeks' GA (36) ,therefore limiting the number of pixels across the vessel diameter and possibly compromising the accuracy of the measured T 2 . An alternative approach is to measure T 2 in the fetal abdominal aorta from which the umbilical arteries branch off, thereby yielding a surrogate of umbilical artery HbO 2 as shown in a recent study involving third-trimester pregnancies (8) . Future work will focus on assessing the feasibility of T 2 -based oximetry to estimate fetal O 2 consumption in the second and third trimesters of pregnancy.
In conclusion, the derived calibration curve for fetal blood should ensure improved accuracy in fetal-blood oximetry. Finally, this work demonstrates the feasibility of noninvasively measuring fetal O 2 delivery in vivo with a combination of T 2 -based oximetry and phasecontrast flow imaging in the umbilical circulation.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Fig. S1 . Representative chromatogram of umbilical cord blood sample. Fetal hemoglobin fraction was estimated as the ratio of the amplitude of the fetal hemoglobin peak to the total hemoglobin, defined at the sum of fetal and adult hemoglobin. Fig. S2 . Plots comparing (a) fetal mass and (b) BFR (mL/min) to those established by others. These data were used to compute expected values of (c) fetal mass-normalized BFR (mL/min/kg) across GAs.
